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ABSTRACT
With a new filter system that measures nitrogen abundance from NH bands, we present Ca-CN-CH-NH
photometry for Galactic globular cluster (GC) M3 (NGC 5272). This cluster is one of the standard GCs, with
little past attention paid to evidence for multiple populations. We present new evidence for two M3 populations
with distinctly different carbon and nitrogen abundances. Our photometric indices provide reliable [C/Fe] and
[N/Fe] for RGB stars, and we find that the [C/Fe] abundances (from CH indices) and [N/Fe] (from CN and NH)
are very different between the two populations. There is a particularly sharp division between CN-weak and
CN-strong red giants in M3, with nearly equal numbers of stars in each category. The CN-strong population
shows a C-N anticorrelation that is a natural consequence of the CN cycle, while the CN-weak population
shows a C-N positive relation. Furthermore, the carbon and nitrogen abundances of the CN-weak group are
strongly anticorrelated with the calcium abundance, which cannot be easily understood. Additionally, the CN-
weak population exhibits an elongated spatial distribution that is likely induced by its fast internal rotation,
confirming our frequently observed structure-kinematic coupling in some GCs. This M3 population also show
an extended and tilted RGB bump, which is most likely due to its metallicity spread that also probably produces
the very large∆C F275W,F814W color range seen in recent HST observations of M3
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1. INTRODUCTION
Galactic globular clusters (GCs) have been extensively
studied to understand the formation and evolution of our
Galaxy. For several decades the existence of not only the
in-situ but also the accreted or ex-situ GCs has been recog-
nized (Searle & Zinn 1978; Zinn 1985, 1993; Lee & Carney
1999) and interpreted in terms of cold dark matter cosmol-
ogy that predicts a hierarchical structure formation in the uni-
verse. The Gaia satellite has radically improved the situation
with astrometry and proper motion data for more than a bil-
lion of stars (Gaia Collaboration 2018). Previously challeng-
∗ Based on observations made with the Kitt Peak National Observatory
(KPNO) 0.9 m telescope, which is operated by WIYN Inc. on behalf of a
Consortium of partner Universities and Organizations.
† This work has made use of data from the European Space
Agency (ESA) mission Gaia (https://www.cosmos.esa.int/gaia), pro-
cessed by the Gaia Data Processing and Analysis Consortium (DPAC,
https://www.cosmos.esa.int/web/gaia/dpac/consortium). Funding for the
DPAC has been provided by national institutions, in particular the institu-
tions participating in the Gaia Multilateral Agreement.
‡ We adopt the standard spectroscopic notation (Wallerstein & Helfer
1959) that for elements A and B, [A/B]≡ log10(NA/NB)⋆ − log10(NA/NB)⊙.
We equate metallicity with the stellar [Fe/H] value.
ing tasks of identifying merger events in our Galaxy can now
be realized and several remnants of the ancient merger events
have been argued (e.g., see Helmi et al. 2018; Myeong et al.
2019).
Light elemental abundance variations in GCs were first
identified about 40 years ago, and observational evidence
for their ubiquitous nature has steadily increased. Explana-
tions have centered on the idea of multiple stellar formation
episodes, where the later generation of stars formed out of
interstellar media polluted from the previous generation of
stars (e.g. D’ercole et al. 2008). During the past decade, a
great deal of observational evidence of multiple populations
(MPs) in GCs in the Milky Way has been emerged (e.g.,
Carretta et al. 2009; Lee et al. 2009b; Milone et al. 2017). In
spite of tremendous amount of effort, understanding the for-
mation of GCs with MPs is not yet solved. So far, none
of the proposed models can explain the observational con-
straints of GC MPs with satisfaction (e.g., Bastian & Lardo
2018). Furthermore, MPs exist in GCs of external low-mass
local-group galaxies, such as the Magellanic clouds (e.g.,
Mucciarelli et al. 2009), and the Fornax dwarf galaxy (e.g.,
Letarte et al. 2006), which poses another formidable problem
of environmental effects on the formation of GCs with MPs.
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Revolutionary spectroscopic and photometric studies of MPs
in extragalactic GCs will come with the advent of 30 m class
telescope within the next decade. Until then, the best way
to understand environmental effects on GC formation is to
investigate the accreted or ex-situ GCs that are located near
us.
M3 has long been considered as a prototypical “normal”
GC. But M3 lies relatively far from the Galactic center, and
it has some interesting structural aspects. It is one of the
most massive GCs in our Galaxy and, most interestingly, it
is the most RR Lyrae (RRL) rich GC in our Galaxy, pos-
sessing more than 240 RRLs (Clement et al. 2001, the 2019
March version).1 As shown in our previous work (Lee
2019a), M3 has similar fractions between the CN-weak (CN-
w) and CN-strong (CN-s) RGB stars, n(CN-w):n(CN-s) =
48:52 (±3). This ratio is significantly different from those of
other GCs with similar mass scales, ≈ 30:70.2 M3 also has
an abnormally large range of the HST pseudo-color index,
∆C F275W,F814W, of its first generation (FG) stars. This has led
to investigations of amount of helium spread in the M3 FG
(Lardo et al. 2018; Tailo et al. 2019), which concluded that it
cannot explain the ∆C F275W,F814W spread within our current
understanding of the GC formation scenarios. In our previ-
ous study of CN band strengths (Lee 2019a), the M3 CN-w
population has an extended and tilted red-giant branch bump
(RGBB), which later we will link to the large range of the
∆C F275W,F814W index.
It has been thought that younger halo GCs, including M3,
were likely accreted by our Galaxy in the past to form com-
ponents of the Galactic halo seen today (e.g., Zinn 1993;
Lee & Carney 1999). Recently, Kruijssen et al. (2019) sug-
gested that M3 is likely an ex-situ GC and a member of a
hypothetical galaxy, the so-called Kraken, that accreted into
our Galaxy.
In this paper, we investigateM3 using our own photometric
system optimized for measuring carbon and nitrogen abun-
dances, which are key elements for GC MP studies. In spite
of the importance of the carbon and nitrogen abundance in
the evolution of metal-poor low-mass stars, their abundances
in GCs are often poorly known due to the lack of measurable
atomic absorption lines in the visual or infrared wavelength
1 The most notable RRL-rich GC is ω Cen, which is most likely the rem-
nant of the core of the dwarf galaxy that accreted into our Galaxy and about
3.5 times more massive than M3 (Kruijssen et al. 2019). ω Cen has about
200 RRLs but it contains a significant fraction of metal-poor stars that do
not pass through the instability strip during their core helium phase. A
third RRL rich GC is M5, which has similar mass as M3 but has about
130 RRLs (see C. M. Clement, Catalogue of GC variable stars, available at
http://www.astro.utoronto.ca/~cclement/cat/listngc.html).
2 In our previous study of M5 (Lee 2017), whose total mass is logM/M⊙
= 5.76 and is very similar to M3, we obtained n(CN-w):n(CN-s)= 29:71
(±2).
regime. Instead, their elemental abundance can be measured
via diatomic molecules, such as NH, CN, CH, and CO.
Studies of C and N abundances from visual or infrared
high-resolution spectroscopy have been restricted to very
bright red-giant branch (RGB) or asymptotic giant branch
(AGB) stars, where the surface C and N abundances can be
significantly altered from their primordial values due to the
onset of CN-cycle accompanied by a non-canonical thermo-
haline mixing (Charbonnel & Zahn 2007). Low-resolution
spectroscopy has been frequently applied to faint GC stars
but the traditional spectroscopy cannot be applied to very
crowded regions, such as the central part of GCs, due to stel-
lar blending. Even for the isolated stars, low-resolution spec-
troscopy is also vulnerable to the selection of the continuum
sidebands in the wavelength region of numerous strong ab-
sorption lines, in which the measured spectrum indices can
be defected (e.g., see Lee 2019a,b). Our approach mitigates
both of these problems, through careful feature and bandpass
choices for NH, CN, and CH photometric indices to provide
reliable carbon and nitrogen abundances, and avoidance of
stellar targets with potential contamination by other cluster
members.
The work presented here will provide observational evi-
dence that the abundance distribution in M3 is different from
those of other supposedly normal Galactic GCs. The outline
of this paper is as follows. We describe our new filter system,
JWL34, which is designed to measure the absorption strength
of the NH bands at λ3360 in §2. We present our observations
and data reductions in §3. The definitions of our color in-
dices, including the new nhJWL, will be given in §4 alongwith
a discussion of our strategy of populational tagging of M3
RGB stars. In §5, we show comparisons of our photometric
indices with widely used color indices from the HST photom-
etry (Milone et al. 2015). In particular, we will discuss the
metallicity dependency on the ∆C F275W,F814W index, which
is the key to understand the large range in ∆C F275W,F814W
of the M3 FG stars. In §6 we discuss translation of the ob-
served indices into C and N abundances by comparing syn-
thetic color indices and the metallicity spreads. We discuss
the puzzling C-N positive correlation in M3’s CN-w RGB
stars. Populational tagging for RHB stars will be presented
in §7, where we will show that populational number ratio of
RHB stars is significantly different but can be naturally un-
derstood from the evolution of the metal-poor low-mass stars.
The structural and kinematical differences between MPs will
be discussed in §8. The discussion on the extended and tilted
CN-w RGBB will be given in §9, where we will argue that
metallicity spread is the essential part to explain the CN-w
RGBB and the large extent of the ∆C F275W,F814W of the M3
FG obtained with HST photometry. Finally, our summary of
the work will be provided in §10.
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Figure 1. (a) The filter transmission function of our new JW L34 fil-
ter. (b) Differences in monochromatic magnitude between the CN-
w and CN-s using the synthetic spectra for an arbitrary intermediate
metallicity ([Fe/H] = −1.5) RGB stars at the level of the RGBB.
2. JWL34: A NEW NH FILTER SYSTEM
As shown in our previous studies, the cnJWL and chJWL
indices can provide significant means to study MPs in GCs
(e.g., Lee 2017, 2018, 2019a,b, 2020). The performance of
our cnJWL index is very satisfactory in most cases but there
are two issues that make it difficult to transform our observed
cnJWL index into unambiguous nitrogen abundances.
First, the formation of CN molecules depends on both the
carbon and nitrogen abundances. It is well known that in
low-luminosity relatively less evolved GC stars with abun-
dance ratios n(N)/n(C) < 1, CN band strengths are mainly
dependent on nitrogen abundances (e.g., Suntzeff 1981;
Briley and Smith 1993). However, it is not always true.
For second generation (SG) stars in GCs with abundance
ratios n(N)/n(C) > 1, CN band strengths no longer scale
monotonically with nitrogen abundance and can even de-
crease with depletion in the surface carbon abundances (e.g.,
Smith & Bell 1986).
Second, CN is double-metal diatomic molecule, and its
band absorption strengths rapidly decline with decreasing
metallicity (e.g., Langer et al. 1992). On the other hand, ab-
sorption strengths of single-metal diatomic molecules (e.g.,
CH and NH) weaken only slowly with decreasing metallic-
ity, They are still sensitive to variations in the carbon and
nitrogen abundances in very metal-poor stars.
In an attempt to directly measure the NH band at λ3360,
we have developed a new filter, JWL34. In panel (a) of
Figure 1 we show the transmission function of our JWL34
filter, which has a pivot wavelength3 of ≈ λ337 nm and a
full-width at the half-maximum of ∆λ ≈ 20.5 nm. In panel
(b) of this figure we show the sensitivity of JWL34 to N
abundance changes by plotting the difference in monochro-
matic magnitudes between two intermediate-metallicity
([Fe/H] −1.50) stars: an CN-w (with with assumed abun-
dances [C/Fe] = −0.30, [N/Fe] = 0.30) and a CN-s star
([C/Fe] = -0.45, [N/Fe] = 1.15). The monchromatic mag-
nitudes are those that were obtained with synthetic spectrum
computations, as will be described in detail in Section 6.1.
The cnJWL index is still very powerful in studying MPs in
intermediate metallicity GCs, such as M3, as we will show
later. For cool GC RGB stars, the emergent stellar surface
flux near λ3883 is much greater than that near λ3360. At the
same time, the degree of interstellar and atmospheric extinc-
tions for JWL39 is much smaller than those for JWL34 (e.g.,
see Figure 2 of Lee 2017). Therefore, more accurate photom-
etry can be attained with cnJWL than with nhJWL. In addition,
as we will demonstrate in §4, populational tagging from the
CN bands, in particular that at λ3883, can be more readily
accomplished than by using CH or NH bands, as long as the
C-N anticorrelation holds. For example, the CH distributions
of GC RGB stars may not show clear bimodality (e.g., see
Figure 6 of Norris & Smith 1984). But the CN bimodality in
GCs has been known for decades and frequently studied for
GC stars (e.g., Osborn 1971).
3. PHOTOMETRIC DATA
In 2017 and 2018, we obtained photometric data for M3
in 20 nights in 5 separate runs using the Half Degree Im-
ager (HDI), which is equipped with an e2V 4k × 4k CCD
chip, mounted on the the KPNO 0.9m telescope. The HDI
provides a field of view (FOV) of 30′× 30′. The total inte-
gration times of Strömgren y, b, CaJWL, and JWL39 for the
M3 science field are given in Table 1 (see also Table 1 of Lee
2019a).
Additional photometric data for M3, using our new JWL34
filter and Strömgren y and b filters were collected in six
nights from 2019 June 27 to July 5. Integration times for
JWL34, Strömgren y, and b filters were 19,400 s, 1,220 s,
and 2,200 s. Note that, due to the electronic problem with
the HDI, we used the S2KB CCD cam, which is equipped
with a 2k × 2k CCD chip and provides a FOV of 21′× 21′.
Our integration times for individual filters are long enough
to perform accurate photometry of RGB stars in M3. Typical
photometric measurement errors at the level of the RGBB in
individual color indices that will be defined below are less
than 0.01 mag, so the broad or bimodal RGB sequences in
3 Pivot wavelength is a filter’s characteristic wavelength, independent of
a light source; e.g., Tokunaga & Vacca (2005).
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Figure 2. CMDs with various color axes of M3 member stars based on the proper motion study of the Gaia DR2.
Table 1. Integration times for M3 (s)
y b CaJWL JW L39 JW L43 JW L34 V B I U
NGC 5272(M3) 8,910 19,520 52,000 23,500 24,000 19,400 1,380 3,070 1,220 11,350
some color indices are real features in M3, not artifacts arisen
from measurement errors.
Limitations in spatial angular resolving power of small
aperture ground-based telescope, such as the KPNO 0.9m
telescope, lead to incomplete detection and large photomet-
ric measurement uncertainties in central parts of GCs. Deriv-
ing accurate populational number ratios requires detection of
statistically robust samples with reliable measurements in the
central part of GCs showing strong radial populational gradi-
ent such as M3, but this is not an important point in our cur-
rent study. Most of the analyses presented in this paper will
be based on stars with very accurate measurements located
r ≥ 1′, and we did not apply the method that we developed
for using prior positional information from HST observations
(e.g., see Appendix B of Lee 2017).
The interstellar reddening of M3 is very small, E(B −V) =
0.01 (Harris 1996, the 2010 edition)4. Therefore, any differ-
ential reddening across the science field will be undetectably
small and will not affect our results (see also §9.2). Addition-
ally, the Galactic latitude of the cluster is high, 79◦. There-
fore the contamination by the off-cluster field stars will not
be severe in our photometry.
Reductions of our raw photometric data have been dis-
cussed in detail by Lee (2015) and will not be repeated
here. The photometry of M3 and standard stars were an-
alyzed using DAOPHOTII, DAOGROW, ALLSTAR and
ALLFRAME, and COLLECT-CCDAVE-NEWTRIAL pack-
4 Available at http://physwww.mcmaster.ca/~harris/mwgc.dat.
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ages (Stetson 1987, 1994; Lee & Carney 1999). We de-
rived astrometric solutions for individual stars using the data
extracted from the Naval Observatory Merged Astrometric
Dataset (NOMAD, Zachairias et al. 2004) and the IRAF IM-
COORS package. Finally, we made use of the proper motion
study from the second Gaia date release to select the cluster’s
membership stars (Gaia Collaboration 2018), following the
method similar to those used in our previous studies, (see,
e.g., Lee 2020, and references therein).
4. POPULATIONAL TAGGING: NEW STRATEGY
Throughout this work, we will use our own photometric
indices, defined as,
hkJWL = (CaJWL − b)− (b − y). (1)
nhJWL = (JWL34− b)− (b − y). (2)
cnJWL = JWL39−CaJWL, (3)
chJWL = (JWL43− b)− (b − y). (4)
These relationships have functional forms analogous to tra-
ditional color indices, and will be treated as such through-
out this paper. The hkJWL index is a good photometric mea-
sure of calcium abundances at a given luminosity or ef-
fective temperature, with a weak CH band contamination
(Anthony-Twarog et al. 1991; Lee et al. 2009a,b; Lee 2015,
2019b). As we discussed in our previous works, cnJWL and
chJWL are excellent photometric measures of the CN band
at λ3883 and CH G band at λ4250, respectively, for cool
stars (see Lee 2020, and references therein). Lastly, our new
nhJWL index is a good photometric measure of the NH band
at λ3360, which will be discussed in detail in Section 6.
In Figure 2 we show CMDs of M3 member stars based on
the proper motion study of Gaia DR2 (Gaia Collaboration
2018). Our cnJWL CMD (bottom left panel) shows conspic-
uous double RGB sequences in M3, which has been known
for decades (e.g, Suntzeff 1981; Briley and Smith 1993). Our
chJWL, nhJWL, and CUBI CMDs also show weak bimodalities
or large spread in their color indices, suggestive of heteroge-
neous CNO abundances among RGB stars.
In order to remove the luminosity effect on individual
color indices, we use parallelized color indices (also see Lee
2019a,b). The RGB sequences in the individual color indices
were parallelized using the following relation,
‖ CI(x)≡
CI(x)−CIred
CIred −CIblue
, (5)
where, CI(x) is the color index of the individual stars and
CIred, CIblue are color indices for the fiducials of the red
and the blue sequences of individual color indices (see also
Milone et al. 2017).
To perform a CN- versus CH-based populational tagging of
bright RGB stars in the brightness range −2 mag ≤ V −VHB
≤ 2 mag, we employed the k-means clustering algorithm on
the ‖cnJWL versus ‖chJWL plane using the programming lan-
guage R (R Core Team 2017). We obtained the populational
number ratio of n(CN-w):n(CN-s) = 48:52 (±3), which is the
exactly the same value that we obtained from the expectation
maximization (EM) algorithm for the multiple-component
Gaussian mixture distribution model on the ‖cnJWL distribu-
tion (see Table 5 of Lee 2019a).
As we noted in Lee (2019a), our populational number ra-
tio of M3 RGB stars is significantly different from that by
Milone et al. (2017), who obtained an FG fraction of 0.305
± 0.014 based on the HST observations of the central part
of the cluster. The discrepancy between our work and that
by Milone et al. (2017) is solely due to a very strong radial
gradient in the populational number ratio in M3, in the sense
that the CN-s population is more centrally concentrated and
Milone et al. (2017) relied on the central part of the cluster,
where the contribution of the CN-s population is greater (e.g.,
see Figure 8 of Lee 2019a).
In panels (a), (b), and (c) of Figure 3, we show ‖cnJWL
versus ‖chJWL, ‖nhJWL versus ‖chJWL, ‖nhJWL versus ‖cnJWL
relations for M3 RGB stars in the magnitude range of −2 mag
≤ V −VHB ≤ 2 mag. All of these relations exhibit disconti-
nuities in the populational transition between the CN-w and
CN-s domains (see also Smith, Modi, & Harmen 2013; Lee
2017, 2018, 2019a,b, 2020). In no case does the photomet-
ric index comparison appear to connect the CN-w and CN-s
populations. In panel (b), ‖chJWL appears to increase with
‖nhJWL for the CN-w population (i.e., a positive correlation),
while ‖chJWL decreases with ‖nhJWL for the CN-s population
(i.e., an anticorrelation).
Panels (d)-(f) of Figure 3 show the variation of ‖cnJWL,
‖chJWL, and ‖nhJWL indices with V magnitude. The sharp
distinction between CN-w and CN-s populations is easily
seen in ‖cnJWL at all giant branch luminosities. However,
‖chJWL and ‖nhJWL do not show clear separation between the
two groups. Populational tagging based on the ‖cnJWL distri-
bution is obviously best option for M3.
5. COMPARISONS WITH HST PHOTOMETRY
We made comparisons of our color indices with those of
the pseudo-color indices devised by Milone et al. (2015), the
∆C F275W,F336W,F438W and ∆C F275W,F814W.5 In Figure 4, we
show the results for stars with the radial distance of r ≥ 1′
to avoid the blending effect in our results. The figure indi-
cates that the CN-w and CN-s populations have different cor-
relations with the ∆C F275W,F336W,F438W and ∆C F275W,F814W,
which is not surprising because individual stellar popula-
tions on the so-called chromosomemap of individual GCs of
5 The definitions of the∆C F275W,F336W,F438W and∆C F275W,F814W can be
found in Equations (1-2) of Milone et al. (2017).
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Figure 3. (a) The photometric ‖cnJWL versus ‖chJWL relation for RGB stars in the magnitude range −2 mag≤V −VHB ≤ 2 mag in M3. (b) The
‖nhJWL versus ‖chJWL relation. (c) The ‖cnJWL versus ‖nhJWL relation. (d) The ‖cnJWL versus V CMD. (e) The ‖chJWL versus V CMD. (f) The
‖nhJWL versus V CMD. In all panels, the blue dots denote the CN-w population while the red dots denote the CN-s population.
Table 2. Pearson’s correlation coefficients and goodness of the fit between our color indices and
those of Milone et al. (2017)
∆C F275W,F336W,F438W ∆C F275W,F814W
CN-w CN-s CN-w CN-s
ρ p-value ρ p-value ρ p-value ρ p-value
nhJWL −0.106 0.407 0.238 0.035 0.406 0.001 −0.240 0.033
chJWL −0.315 0.012 −0.739 0.000 0.667 0.000 0.269 0.017
cnJWL 0.434 0.000 0.515 0.000 0.028 0.825 −0.304 0.006
hkJWL 0.267 0.003 0.084 0.463 −0.716 0.000 −0.053 0.640
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Table 3. [C/Fe] and [N/Fe] of the
fiducial sequences
[C/Fe] [N/Fe]
CN-w(fRGB) −0.30 +0.30
CN-w(bRGB) −0.55 +0.80
CN-s(fRGB) −0.45 +1.15
CN-s(bRGB) −0.70 +1.55
Milone et al. (2017) are not in linear relations. These differ-
ent behaviors of individual populations have been discussed
in previous paper of this series (Lee 2017, 2018, 2019b). We
calculated Pearson’s correlation coefficients and goodness of
the fit and we show our results in Table 2. Our results are
following;
• Our ‖nhJWL index, i.e., the nitrogen abundance, does
not appear to correlate with either∆C F275W,F336W,F438W
or∆C F275W,F814W.
• Our ‖chJWL index, i.e., the carbon abundance, is an-
ticorrelated with the ∆C F275W,F336W,F438W, while it is
positively correlatedwith and∆C F275W,F814W, with dif-
ferent degree of correlations between the CN-w and
CN-s populations.
• Our ‖cnJWL index is positively correlated with the
∆C F275W,F336W,F438W, which is consistent with the re-
sults from our previous works (Lee 2017, 2018).
• Finally, our ‖hkJWL (the calcium abundance index) of
the CN-w population is strongly anticorrelatedwith the
∆C F275W,F814W in M3. This suggests that the large ex-
tent of the ∆C F275W,F814W of the FG of stars in M3
pointed by Lardo et al. (2018) and Tailo et al. (2019)
is likely due to the spread in heavy elemental abun-
dances.
6. PHOTOMETRIC ELEMENTAL ABUNDANCES
6.1. Carbon and Nitrogen
We derived photometric [C/Fe] and [N/Fe] abundances us-
ing our photometric measurements. First, we obtained the
Dartmouth model isochrone for [Fe/H] = −1.5, [α/Fe] = +0.4,
and the age of 12.5 Gyr (Dotter et al. 2008), and we calcu-
lated the effective temperatures and surface gravities from
MV = 3.5 to −2.0 mag with a magnitude step size of ∆MV
= 0.5 mag. Using these stellar parameters, we constructed
series of synthetic spectra with varying carbon and nitro-
gen abundances with an abundance step size of 0.05 dex for
both species. For this purpose we used the current version
of the LTE line analysis code MOOG6 (Sneden 1973) and
atomic/molecular line lists generated with the linemake fa-
cility.7 Synthetic color indices were calculated using our fil-
ter transmission functions with synthetic spectra. Finally, we
derived synthetic iso-abundance grids that best matched the
average of the observed photometric indices of the CN-w and
CN-s populations in an iterative manner and obtained photo-
metric [C/Fe] and [N/Fe] of each population. We summa-
rized our results in Table 3.
In Figure 5(a), we show the M3 chJWL CMD along with
the synthetic iso-abundance sequences with [C/Fe] = −0.30
for the CN-w population and −0.45 for the CN-s population.
Our carbon abundances of the two populations at about the
brightness level of RGBB are in good agreement with those
of Smith (2002), who obtained [C/Fe] ≈ −0.33 dex for the
CN-w RGB stars, while [C/Fe] ≈ −0.47 dex for the CN-s
RGB stars in M3. As shown in the figure, our synthetic iso-
abundance grids trace well the our photometry for the faint
RGB (fRGB) stars8 in M3. The nitrogen abundance does
not affect our chJWL index, since our chJWL index measures
the CH G band strength only; the JWL43 bandpass does not
include the CN 4215 Å bandhead (see Figure 1(b) of Lee
2019a). At the V magnitude level of the RGBB (V ≈ 15.5
mag), breaks in the slope of our observed RGB sequences in
both populations can be seen, due to depletion of the surface
carbon abundance in stars brighter than the RGBB. To repro-
duce these breaks the depletion in the carbon abundance of
∆[C/Fe] = −0.25 and −0.35 dex for the CN-w and CN-s pop-
ulations, respectively, are required. As shown in the figure,
synthetic iso-abundance grids with [C/Fe] = −0.55 (the blue
dashed line) and −0.70 dex (the red dashed line) are in good
agreement with bRGB sequences of the CN-w and CN-s pop-
ulations, respectively. At V ≈ 14 mag, which is equivalent
to MV ≈ −1.0 mag, the carbon abundances by Smith (2002)
are [C/Fe] ≈ −0.5 dex for the CN-w population and [C/Fe]
≈ −0.6 dex for the CN-s population, in excellent agreement
with our photometric estimates.
Next, we derived the nitrogen abundance from our nhJWL
and cnJWL CMDs. As shown in Figure 5(b), the iso-
abundance grids for nhJWL with [N/Fe] = 0.30 and 1.15 dex
are in good agreement with the CN-w and CN-s populations,
respectively. However, unlike the chJWL CMD, the breaks in
the slope of RGB sequences of each population cannot be
clearly seen for the nhJWL index.
6 Available at http://www.as.utexas.edu/~chris/moog.html.
7 Available at https://github.com/vmplacco/linemake; linelists built by
linemake begin with those in the Kurucz (2011) atomic line compendium
and merge them with laboratory atomic line data from the University of Wis-
consin and molecular line data from Old Dominion University. References
to specific data sources are given in the linemake web site.
8 The fRGB stars and the bright RGB (bRGB) stars indicate stars fainter
than and brighter than the RGBB, respectively.
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Figure 4. Comparisons of our color indices with those of Milone et al. (2017). The blue and red dots denote the CN-w and CN-s RGB stars in
M3.
Table 4. Photometric [C/Fe], [N/Fe], and [C+N/Fe] of fRGBs
[C/Fe] [N/Fe] [C+N/Fe]
CN-w −0.29± 0.07± 0.01 +0.44± 0.38± 0.02 0.15± 0.41± 0.02
CN-s −0.43± 0.08± 0.01 +1.12± 0.44± 0.02 0.70± 0.44± 0.02
Lastly, we show the cnJWL CMD in in Figure 5(c). Again,
our theoretical iso-abundance grids are in good agreement
with our photometry. At the level of the RGBB, the break in
the RGB slope can be clearly seen in the CN-w population,
while the existence of the break in the CN-s RGB sequence is
not obvious. Note that the change in the slope of CN-w RGB
stars is not a luminosity effect on the CN band strength. If
the breaks were due to the luminosity effect, the RGB stars
brighter than the RGBB should be aligned along the solid
lines in the figure. Instead, our photometry indicates a sudden
increase of the CN band strength after the RGBB, which can
be accomplished by the nitrogen abundance enhancements in
the bRGB as shown in the figure. For the CN-w population,
a nitrogen enhancement by ∆[N/Fe] = +0.50 dex can fully
explain the behavior of the CN-w bRGB sequence. On the
other hand, the degree of nitrogen abundance enhancement
of the CN-s population appears to be somewhat uncertain.
The iso-abundance grid for [N/Fe] = 1.15 dex can explain
the bulk of the fRGB and bRGB CN-s population. Note that,
for the CN-s population, nitrogen is more abundant than car-
bon and, therefore, the iso-abundance sequences for the CN-
s population are more sensitively affected by the variation in
the carbon abundance. It is believed that our nitrogen abun-
dance estimation of [N/Fe] = 1.55 dex should be considered
to be the upper limit and only a small fraction of stars has
such a high nitrogen abundance as Figure 5 (b–c) showed.
Our photometric nitrogen abundance appears to be some-
what higher than that by Smith et al. (1996), who measured
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Figure 5. Panel (a): the chJWL versus V CMD along with the iso-abundance lines. The lines denote predicted chJWL colors from synthetic
spectra; the assumed C and N abundances for these computations are given in the figure legend. As in previous figures, the blue points and
lines refer to CN-w stars; the red points and lines refer to the CN-s stars. The solid lines are for computations that assumed constant C and N
abundances at all evolutionary states. The dashed lines are for computations that account for the discontinuity in chJWL for upper giant-branch
brighter than the RGBB. The green line is for computations that show how the solid blue line for CN-w stars would shift with a metallicity
increase of 0.15 dex. The red error bar indicates a spread in the chJWL for σ([C/Fe]) = ±0.1 dex at V ≈ 15.5 mag. Panel (b): the Same as in (a)
but for the nhJWL versus V CMD. The blue error bar indicates a spread in the nhJWL for σ([N/Fe]) = ±0.1 dex at V ≈ 15.5 mag. Panel (c): the
same as in (a) but for the cnJWL versus V CMD. The red and blue error bars indicate spreads in the cnJWL for σ([C/Fe]) =±0.1 and σ([N/Fe]) =
±0.1 dex, respectively, at V ≈ 15.5 mag.
the nitrogen abundance from the CN at λ3883 and obtained
[N/Fe] = 0.53 ± 0.15 dex from the four bRGB CN-w stars
and [N/Fe] = 1.00 ± 0.15 dex from the three bRGB CN-s
stars. Interestingly, their nitrogen abundances appear to be
in agreement with our photometric nitrogen abundances for
fRGB stars in the CN-w population, [N/Fe] = 0.30 dex, while
[N/Fe] = 1.15 dex is needed in the CN-s population.
We derived the [C/Fe] and [N/Fe] distributions of fRGB
stars in each population, where the carbon depletion and the
nitrogen enhancement due to the internal mixing accompa-
nied by the CN-cycle should not have been prominent. In
Table 4 and Figure 6, we show our results. As shown, the
mean [C/Fe] and [N/Fe] abundances for both populations are
significantly different.
Finally, we show a plot of [N/Fe] versus [C/Fe] of the M3
fRGB stars in Figure 7. Not surprisingly, the figure clearly
shows the two separate relations between the carbon and
nitrogen abundances. For the CN-w population, the nitro-
gen abundance is positively correlated with the carbon abun-
dance, which may indicate that the CN-w fRGB stars formed
out of gas experienced no or little CN-cycle hydrogen burn-
ing, while the nitrogen and carbon abundances are anticorre
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Figure 6. Histograms of the photometric [C/Fe], [N/Fe], and
[C+N/Fe] of the fRGB stars. The blue, red, and gray lines denote
histograms for the CN-w, CN-s, and the total RGB stars.
Figure 7. Plot of [C/Fe] versus [N/Fe] for M3 fRGB stars in the
CN-w (blue plus signs) and the CN-s (red crosses) populations. The
[C/Fe]-[N/Fe] relation is positive for the CN-w population, while an
anticorrelation for the CN-s population.
lated in the CN-s population, as we already showed in Fig-
ure 3.
6.2. Metallicity Spreads
In Figure 8, we show [Fe/H] measurements of bRGB stars
by Mészáros et al. (2015), who employed high-resolution in-
frared spectroscopy. Inspection of these data suggests that
the metallicity spreads of CN-w stars is larger than that of
the CN-s, and statistics of the two samples support this no-
tion. For the 14 stars of the CN-s group 〈[Fe/H]〉 = −1.38, σ
= 0.05, while for the 21 stars of the CN-w group 〈[Fe/H]〉 =
Figure 8. [Fe/H] distributions of bRGB stars from the high-
resolution infrared spectroscopic study of Mészáros et al. (2015)
compared to our ‖cnJWL values. The blue plus denote the CN-w
population and the red crosses signs the CN-s population. We show
the mean metallicities and standard deviations.
Figure 9. The hkJWL versus V CMDs of the CN-w and CN-s popu-
lations around the RGBB region. We only show stars with a small
measurement error, σ(hk)≤ 0.01 mag so that the scatter in the hkJWL
index is not dominated by observational errors. The gray solid lines
represent the outer hkJWL envelope of the CN-w population. The
hkJWL width of the CN-w population is larger than that of the CN-s
population. The big error bar represents the contribution of metal-
licity on the hkJWL index, ∆[Ca/H] = 0.15 dex, and the small error
bars denote that of carbon,∆[C/Fe] = 0.07 and 0.08 dex for the CN-
w and CN-s populations, respectively. The horizontal gray dashed
lines denote theV magnitude levels of RGBBs. Note that the exten-
sion of the RGBB of the M3 CN-w population is significantly larger
than that of the CN-s.
−1.42, σ = 0.09.9 We depict the [Fe/H] sample statistics with
vertical lines drawn in Figure 8 at arbitrary ‖cnJWL positions
9 Marino et al. (2019) also suggested that the metallicity spread for the
CN-w population is larger. They obtained [Fe/H] = −1.63 ± 0.07 for 1G,
which is equivalent to the CN-w, and −1.57 ± 0.04 for 2G, i.e., CN-s, for
M3 using the results from visual high-resolution spectroscopy by Sneden
(2004).
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Figure 10. Plots of ‖hkJWL versus other color indices for the CN-w
(left panels) and CN-s (right panels) RGB stars around the RGBB
(15 mag ≤ V ≤ 16 mag) with a small measurement error, σ(hk) ≤
0.01 mag.
for clarity. This result does not appear to conform to simple
ideas of the sequential chemical evolution from the CN-w to
the CN-s populations, in which the later generation of stars,
i.e., the CN-s population in our study, would be naturally ex-
pected to have larger scatter in elemental abundances.
We can explore the metallicity spread ofM3 using our Ca II
H & K photometry. Calcium is synthesized in high-mass
stars that die explosively, not in the kind of medium-mass
stars whose AGB ejecta probably seeded the CN-s stars of
a GC’s later population. The hkJWL index is an excellent
measure of the calcium abundance, with only a weak de-
pendence on the carbon abundance through CH molecules
lines in the Ca II H & K region (Lee 2019a, and references
therein). In Figure 9, we show hkJWL versus V CMDs of the
CN-w and CN-s populations around the RGBB region. For
this figure we have selected only those RGB stars with very
small measurement errors, σ(hk) ≤ 0.01 mag, in each popu-
lation in order to ensure that their hkJWL values are not due
to observational errors. For the displayed points any scat-
ter can be attributed to intrinsic differences in the hkJWL in-
dices. Our photometry clearly show that the hkJWL width of
the CN-w RGB stars is significantly larger than that of the
Figure 11. Plot of (b − y)0 versus cnJWL for RHB stars in M3 and
the metal-rich GC M71. The CN-w and CN-s M71 RHB stars are
denoted with blue and red crosses, respectively. The six RHB stars
separated far from the main body of the M3 RHB stars are thought
to be the CN-s RHB stars.
CN-s population, i.e., the spread in the calcium abundance
of the CN-w population is larger than that of the CN-s pop-
ulation, in accordance with the result from high-resolution
spectroscopy (Sneden 2004; Mészáros et al. 2015), that the
metallicity spread of the CN-w population is larger than that
of the CN-s population. Also note that the extension of the
RGBB of the CN-w population is significantly larger than
that of the CN-s population. We will discuss the RGBB in
more detail below. We calculated the scatter around the mean
fiducial sequences for both population, obtaining σ(hkJWL) =
0.044 mag for the CN-w group and σ(hkJWL) = 0.030 mag
for the CN-s group, consistent with the metallicity spreads
for both populations.
In Figure 10, we show plots of ‖hkJWL versus our other
color indices for RGB stars with a small measurement error,
σ(hk) ≤ 0.01 mag at around the RGBB regime, 15 mag ≤
V ≤ 16 mag. Surprisingly, the ‖nhJWL and ‖chJWL of the
CN-w RGB stars appear to be tightly anticorrelated with the
‖hkJWL. In other words, the carbon and nitrogen abundances
in the CN-w populations are anticorrelated with the calcium
abundance. These unexpected correlations between carbon,
nitrogen, and calcium are difficult to understand in the con-
text of chemical evolution of MPs in GCs. On the other hand,
the ‖nhJWL and ‖chJWL are more randomly distributed against
the ‖hkJWL in the CN-s population.
7. POPULATIONAL TAGGING FOR RHB
GC RHB stars are not warm enough to completely sup-
press the formation of diatomic molecules, such as NH,
CN, and CH, and they can be used in populational tagging.
For example, Norris & Freeman (1982) and Smith & Penny
(1989) studied CN bimodal distributions of RHB stars in
metal-rich GCs, 47 Tuc and M71, respectively.
In Figure 11, we show a plot of (b − y)0 versus cnJWL for
RHB stars in M3 and and M71. Note that the photometry for
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Figure 12. CRDs of the RHB (the red solid line), RRL (the green
solid line), and BHB (the blue solid line) stars in M3 with r ≥ 1′.
Also the thick dark green dashed line denotes the CN-w RGB pop-
ulation and the thick orange dashed line the CN-s RGB population.
The error bars indicate the fractions of the CN-s RGB population
and the vertical dashed line denotes the half-light radius of M3.
M71 is from our unpublished work. As shown in the figure,
the RHB stars in metal-rich GC M71, [Fe/H] ≈ −0.8 dex,
have a discrete bimodal cnJWL distribution, which is consis-
tent with the results by Smith & Penny (1989, see their Fig-
ures 2 and 3). It is evident that the distribution of M3 RHB
stars is different from that of M71. In particular the cnJWL
indices of M3 RHB stars increase with decreasing (b − y)0
color. This is due to increasing contributions with effective
temperature from Hζ and Hη at 3889.05Å and 3835.38Å, re-
spectively, which reside in the JWL38 bandpass. The six
RHB stars that are deviated far from the main body of the
M3 RHB stars are thought to be the CN-s population. If so,
the M3 RHB stars are mainly composed of the CN-w popu-
lation, 94± 3%, which is consistent with the results from cu-
mulative radial distributions as will be shown below. We also
note that our results are in good agreement with the results
of synthetic HB model simulations by Tailo et al. (2019) that
the CN-w population is the major component for M3 RHB
stars.
8. STRUCTURAL DIFFERENCES BETWEEN
MULTIPLE STELLAR POPULATIONS
8.1. Cumulative Radial Distributions
The cumulative radial distributions (CRDs) of individual
populations in GCs are frequently used to characterize pop-
ulational properties and can also provide important informa-
Table 5. The p-value Re-
turned from the K-S Tests for
CRDs with r ≥ 1′
p-value
CN-w vs. CN-s 0.000
CN-w vs. RHB 0.273
CN-w vs. RRL 0.100
CN-w vs. BHB 0.011
CN-s vs. RHB 0.027
CN-s vs. RRL 0.162
CN-s vs. BHB 0.737
RHB vs. RRL 0.646
RHB vs. BHB 0.249
RRL vs. BHB 0.893
tion on their kinematics. In our previous study, we showed
that the M3 CN-s population is more centrally concentrated
than the CN-w population and M3 has a strong radial gradi-
ent in the populational number ratio (Lee 2019a).
In Figure 12, we show the CRDs of the CN-w and CN-s
RGB populations, RHB, RRL10, and blue horizontal branch
(BHB) stars in M3. We have not used stars in the central
part of the cluster (r ≤ 1′), due to detection completeness
issues. We calculated the horizontal-branch ratios (HBR)11
from our photometry of HB stars with r ≥ 1′, and we ob-
tained HBR = 0.08 ±0.02, which is in excellent agreement
with that of Harris (1996, the 2003 edition), 0.08. We per-
formed the Kolmogorov-Smirnov (K-S) tests between indi-
vidual RGB and HB populations to see if they have the same
CRDs and the p-value from our K-S tests are given in Ta-
ble 5. Our results are following;
• The CN-w and CN-s RGB stars have completely dif-
ferent radial distributions.
• The CN-w RGB and RHB are most likely drawn from
the same parent distribution, suggesting that the bulk
of the RHB stars are progeny of the CN-w RGB popu-
lation. This is consistent with our result presented in §7
that the major component of the M3 RHB is the CN-w
10 We used the positional information of RRL by Clement et al. (2001,
the 2019 March version).
11 HBR = (B − R)/(B + V + R), where B,R,V denote the numbers of the
BHB, RHB, and RRL, respectively.
M3 13
population. Similarly, CN-s RGB and BHB are most
likely drawn from the same parent distribution and the
most of the BHB stars are most likely the progeny of
the CN-s RGB population.12
• The CN-w RGB and BHB are not most likely drawn
from the same parent distribution. Same is true for the
CN-s RGB and RHB stars.
• The RRL stars are likely a mixed population; i.e., the
progeny of both the CN-w and CN-s RGB populations.
• Unlike RGB populations, the RHB and BHB stars ap-
pear to share the similar CRD. It is possible that small
numbers of the RHB and BHB stars may result in a
slightly ambiguous p-value in our K-S test.
The similarity in the structural properties between the CN-w
RGB and RHB stars can also be found in Figure 13. In the
figure, we show histograms of individual populations against
the radial distance. In a radial zone from r ≈ 200′′ and 300′′,
both the CN-w RGB and RHB stars are slightly over popu-
lated than the average distribution of stars, a strong indication
that the complete homogenization had not been achieved in
the CN-w population.
In Figure 14, we show the moving averages of the RGB
stars for the adjacent 50 points of the ‖nhJWL, ‖chJWL, and
‖cnJWL indices against radial distance. The figure vividly il-
lustrates the the radial gradient in the populational number
ratio and the small scale fluctuation in the populational num-
ber density as we discussed above. Due to the domination
of the CN-s population in the central part of M3, the large
values of the ‖nhJWL and ‖cnJWL index and the small value
of the ‖chJWL index can seen in the inner part of the clus-
ters, reminiscence of the strong radial CN variation in 47 Tuc
(Chun & Freeman 1979). From the radial distance of about
200 ′′ to 300 ′′, a bump in the ‖chJWL and ‖cnJWL indices is
noticeable due to the existence of the over-population of the
CN-w RGB stars in this radial zone as we already showed in
Figure 13.
8.2. Spatial Distributions
The spatial distributions of the CN-w and CN-s RGB pop-
ulations are also different in M3. We constructed smoothed
density maps for each population following the same method
described in our previous work (Lee 2015, and see references
therein). We present our results in Figure 15, showing that
the CN-w population has a more elongated spatial distribu-
tion. The evidence of the spatially more elongated structure
of the CN-w population can be clearly seen in Figure 16,
12 See also Catelan et al. (2001) who noticed the central concentration of
the BHB in M3.
Figure 13. Radial distributions of RGB stars in M3. The green
solid lines represent the histogram for the whole sample of stars.
Note that CN-w RGB and RHB populations appear to be slightly
over-dense in the region between r ≈ 200′′ and 300′′ .
Figure 14. Moving averages of the adjacent 50 points for each
color index of the RGB stars plotted as functions of radial distance
from the M3 center. The vertical thin gray error bars denote the
standard error of the mean and the vertical red dashed lines denote
the core and the half-light radii.
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Figure 15. Smoothed density maps of the CN-w (left) and CN-s
(right) RGB populations. The FWHM of our Gaussian kernel are
shown with a circle and isodensity contour lines for 90%, 70%,
50%, and 30% of the peak values of each population are also shown.
Figure 16. The run of the axial ratio b/a, and ellipticity e, of the
CN-w (blue) and CN-s (red) populations in M3 against the semima-
jor axis a. The CN-w population is more elongated.
where we show radial distributions of the axial ratio, b/a,
and the ellipticity, e = (1− b/a), of the CN-w and CN-s pop-
ulations. As shown in the figure, the ellipticity of the CN-w
population is significantly larger than the CN-s population up
to r . 1.5rh.
8.3. Internal Rotations
In our previous works, we reported a structure-kinematics
coupling, i.e., the rotation-induced spatially more elongated
structure of individual population in GCs (e.g., see Lee 2015,
2017, 2018, 2020). We investigated the tangential rotation
Figure 17. Mean proper motion vectors of eight slices in the radial
zone of 1′ ≤ r ≤ 10′ . The red arrows denote a counterclockwise
rotation (E → N → W → S → E), while the blue arrow denote
a clockwise rotation at a given position vector. The gray arrows
represent the rotating component assuming a circular rotation. An
arrow shown in above indicates a proper motion of 0.1 mas/yr or 4.8
km sec−1 assuming 10.2 kpc for the distance to M3.
of the CN-w and CN-s populations using the proper motion
study of the Gaia DR2 (Gaia Collaboration 2018).
We divided the sphere into eight different slices in a sin-
gle radial zone of 1′ ≤ r ≤ 10′, and we calculated the mean
proper motion vectors in each slice. As shown in Figure 17,
the CN-w population has a more well-defined tangential rota-
tion (gray arrows), suggesting that its large ellipticity is most
likely induced by its fast internal rotation, as can be seen in
M5, M22, and NGC 6752 in our previous studies (Lee 2015,
2017, 2018, and references therein). Assuming a circular
projected rotation for both populations, we calculated mean
rotational components of 0.049 ± 0.017 mas and 0.017 ±
0.017 mas for the CN-w and CN-s populations, respectively,
which are corresponding to 2.38± 0.84 km sec−1 and 0.82±
0.81 km sec−1, respectively, with the distance to M3 of 10.2
kpc (Harris 1996). Our results suggest that the CN-w popu-
lation show a statistically significant net tangential rotation,
while that of the CN-s population is almost nil.
9. AN EXTENDED AND TILTED RED GIANT BRANCH
BUMP OF THE M3 CN-w
In the course of the low mass star evolution, the RGB stars
experience slower evolution and temporary drop in luminos-
ity when the very thin H-burning shell crosses the discontinu-
ity in the chemical composition and lowered mean molecular
weight left by the deepest penetration of the convective enve-
lope during the ascent of the RGB, the so-called RGBB (e.g.,
see Cassisi & Salaris 2013). It is well known that the RGBB
luminosity increases with helium abundance and decreases
with metallicity at a given age (e.g., see Bjork & Chaboyer
2006; Valcarce, Catelan & Swigart 2012).
The helium abundance of GC stars is difficult to measure
mainly due to the lack of the helium absorption lines. Instead,
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Figure 18. (Top panels) Comparisons of CMDs of RGBB regions
of M3 and NGC 6752 (Lee 2018). The blue and red colors denote
the CN-w and CN-s populations in each cluster. The long dashed
lines represent the MV magnitude of the RGBBs and gray boxes
indicate the extension of the RGBB in each population. (Bottom
panels) Comparisons of differential LFs for M3 and NGC 6752.
The blue and red error bars denote the extension of the RGBBs in
each population.
the RGBB magnitude can be a powerful tool to probe the he-
lium content of a given stellar group at a fixed age and overall
metallicity. For example, ∆Y ≈ 0.02 can be translated into
∆[He/H]≈ 0.03 dex, which is almost impossible to detect in
high resolution spectroscopy. On the other hand, this small
helium difference can affect the RGBB magnitude by∆V ≈
0.05 mag, which can be easily detected (e.g., see Lee 2015,
2017, 2018, 2019b; Lagioia et al. 2018; Milone et al. 2018).
As mentioned above, in M3 the extent of the∆C F275W,F814W
distribution of the CN-w population (i.e., the FG of stars in
the frame of the sequential formation of the MPs in GCs)
is unusually large (Milone et al. 2017; Lardo et al. 2018).
Based on the synthetic color indices with varying He abun-
dances but a fixed metallicity, Lardo et al. (2018) claimed
that the large extent of the ∆C F275W,F814W distribution of
the M3 CN-w RGB stars is due to the helium enhance-
ment as large as ∆Y ≈ 0.024 and a small range of nitrogen
abundance dispersion within the CN-w population. More
recently, Tailo et al. (2019) undertook synthetic HB model
simulations, finding that a model without helium enhance-
ment in the FG of stars can best match with the observed M3
HB type, RRL period distribution, and the MS distribution.
However, they noted that they were not able to address the
color spread of the M3 FG star satisfactorily. Tailo et al.
(2019) also did not consider the metallicity spread among
the M3 FG stars.
The large helium spread of ∆Y ≈ 0.024 in the FG of stars
without perceptible CNO abundance spreads by Lardo et al.
(2018) is difficult to reconcile with the current understanding
of the GC formation scenario. As Lardo et al. (2018) argued,
their results imply that p − p chain hydrogen burning induced
helium enhancementwithin the FG of stars. If so, the FG of a
such GC requires a very long time scale and it does not con-
form to the currently believed sequential two-step formation
scenario with a relatively short time scale, . 100 Myr.
Here, we investigate the helium content and metallicity of
M3 CN-w population using the RGBB. From a perspective
of the stellar evolution, the RGBB is less complicated than
the HB and AGB. For example, the HB morphology of GCs
depends not only on the helium abundance but also on the
mass-loss during the RGB phase. At the same time, typical
GC HB stars are too faint to perform populational tagging
from the high-resolution spectroscopy. Tagging HB stars
from low-resolution spectroscopy or from narrow band pho-
tometry, such as ours, would also be difficult for hot BHB
stars, where the most informative diatomic molecular bands
are absent. In addition to statistical fluctuations due to small
number statistics of AGB stars, the unsolvable problem with
populational number ratio study of AGB stars is the miss-
ing populations that eventually evolve in to the AGB-manqué
(e.g., see Figures 20 and 24 of Lee 2017). On the other hand,
the populational tagging for the entire RGBB populations can
be readily done with our new color indices.
9.1. Comparison of RGBB between M3 and NGC 6752
One of the remarkable features in M3 CMD is an extended
and tilted RGBB of the CN-w population as shown by Lee
(2019a); see Figure 2 in that paper. In Figure 18, we show
CMDs of the RGBB regions of M3 and NGC 6752 (Lee
2018). Note NGC 6752 can make a second parameter pair
with M3: [Fe/H] = −1.50 and −1.54 but very different HBR,
0.08 for M3 and 1.00 for NGC 6752 (Harris 1996, the 2003
and 2010 editions). The figure shows two interesting aspects:
• The RGBB MV magnitudes of M3 are significantly
brighter than those of NGC 6752.13
• The extension of the RGBB of the M3 CN-w popula-
tion is significantly larger than those of others. The
differential LF of the M3 CN-w does not show any
13 Based on the MV magnitude peak values, the mean RGBB magnitude
difference between M3 and NGC 6752 is 0.107 ± 0.035 mag. If this RGBB
magnitude difference is solely due to the difference in the helium abundance,
M3 is supposed to have an extremely large helium enhancement compared to
NGC 6752 by∆Y = 0.043± 0.014. The difference in the helium abundance
between M3 and NGC 6752 is beyond the scope of our current study and we
decline to discuss further.
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Figure 19. CMDs of the M3 CN-w RGB stars around the RGBB.
The mean measurement errors for the RGBB stars are extremely
small, σ(V ) = 0.0015 ± 0.0008 and σ(b − y) = 0.0021 ± 0.0013.
(a) The blue solid line represents the model isochrone for Y = 0.25
and [Fe/H] = -1.60 dex, while the green and red solid lines represent
those [Fe/H = −1.60 dex and Y = 0.30 and 0.35, respectively. The ar-
rows indicate theV magnitudes of the RGBB for Y = 0.30 and 0.35.
(b) The blue and green solid lines represent the model isochrones
for Y = 0.25 and [Fe/H] = -1.60 and -1.45 dex, respectively, while
the red solid line represents that for Y = 0.26 and [Fe/H] = -1.45
dex.
conspicuous peak for the RGBB but a plateau extended
∆MV ≈ 0.38 mag, about twice as large as that of the
CN-s in M3.
As showed earlier in Figure 9, we obtained the different
peak RGBBmagnitudes in the two populations, findingVbump
= 15.518 ± 0.025 mag for the CN-w population and 15.448
± 0.025 mag for the CN-s population.14 At face value, the
difference in the RGBB magnitude can be translated into the
helium spread of ∆Y = 0.028 ± 0.010, in the sense that the
CN-s is more helium enhanced, which does not seem very
plausible for the M3 HB morphology.
This is an apparently straightforward conclusion, but the
interpretation of the detailed sub-structures of the RGBB
may not be so simple. The extended and tilted RGBB,
∆Vbump ≈ 0.38 mag, can be originated from at least three
different physical sources: The differential reddening effect,
the helium and metallicity spreads.
9.2. Differential Reddening
Differential reddening across the M3 field can lead an
extended and tilted RGBB, although no such effect has
been reported so far. If the extended RGBB is due solely
to differential reddening, the spread in the interstellar red-
dening becomes ∆E(B − V ) ≈ ∆Vbump/3.1 ≈ 0.123 mag,
14 Using all RGB stars, we obtained 15.446± 0.020 mag and our result is
in excellent agreement with that of Ferraro et al (1997), who reported Vbump
= 15.45 ± 0.05 mag for M3.
which becomes ∆E(b − y) = 0.09 mag, assuming E(b − y) =
0.74×E(B−V). In other words, the intrinsic (b−y) color (i.e.,
the reddening corrected color) of the lower part of RGBB at
(b − y)≈ 0.56 and V ≈ 15.5 mag in Figure 19 should be 0.09
mag bluer, i.e., (b − y)0 = 0.47 mag. If so, the thickness of
the CN-w RGB population becomes very large, ∆(b − y) &
0.07 mag, for being a simple stellar population. This is not
observed. Therefore, other effects discussed below should be
invoked.
9.3. Helium Abundance
As mentioned above, the RGBB luminosity is sensitively
dependent on the helium abundance. Assuming a constant
metallicity for the M3 CN-w population, the variation in the
helium abundance can be estimated to explain the tilted and
extended RGBB of the CN-w population in M3. In Fig-
ure 19(a), we show model isochrones for [Fe/H] = −1.60 dex
and Y = 0.25, 0.30, and 0.35 (Valcarce, Catelan & Swigart
2012).15 The model isochrone for Y = 0.30 can explain the
V magnitude of the brighter part of the CN-w RGBB but the
width of the CN-w RGB can not be explained. The model
isochrone for Y = 0.35 can fully explain the observed width
of the CN-w RGB but the RGBB V magnitude becomes too
bright. Moreover, this large amount of helium enhancement
in the CN-w population is hard to reconcile with the M3 HB
morphology (see also Tailo et al. 2019). Variations in the he-
lium abundance does not appear to be the main reason for the
extended and tilted RGBB of the CN-w population.
9.4. Metallicity
As we discussed earlier, the M3 CN-w population shows a
metallicity spread of ≈ 0.10 dex from high-resolution spec-
troscopy by Mészáros et al. (2015) and ≈ 0.15 dex from our
hkJWL photometry.
In Figure 19(b), we show the model isochrones for Y =
0.25 and [Fe/H] = −1.60 and −1.45, which can explain the
tilted and extended RGBB and the RGB width of the CN-w
populationwith great satisfaction. In the figure, we also show
the model isochrone with a slight helium enhancement by
∆Y = 0.01 at the metal-rich regime, which does not disagree
with our observations. However, helium enhancement is not
the essential part into understanding the extended and tilted
RGBB in M3.
As a sanity check, we also calculated the metallicity ef-
fect on the HST ∆C F275W,F814W index. Using the metallici-
ties that we showed in Figure 19, [Fe/H] = −1.60 and −1.45,
15 Note that the V magnitude levels of the RGBB of the model isochrones
by Valcarce, Catelan & Swigart (2012) are about 0.35 mag brighter than our
observations. As mentioned earlier, our RGBB V magnitude for M3 is in
excellent agreement with that of Ferraro et al (1997). In Figure 19, we add
additional 0.35 mag to the model isochrones to match the location of the
RGBB.
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we calculated a series of synthetic spectra of the RGB star at
the level of the RGBB, finding the synthetic W 1GF275W −F814W
= 0.220 without the CN variation and 0.244 with the CN
variation for the CN-w population as shown in Figure 7 and
Table 4, in excellent agreement with that of Milone et al.
(2017), W 1GF275W −F814W = 0.244 ± 0.014.
10. SUMMARY AND CONCLUSION
As part of our ongoing effort to investigate MPs in GCs
based on homogeneous photometry, we developed a new fil-
ter, JWL34, that can measures the NH bands at λ3360 of
cool stars and a new photometric index, nhJWL, a photomet-
ric measure of nitrogen abundance.
Armed with a new extended photometric system, we inves-
tigated the MPs of the prototypical normal GC M3. We de-
rived the populational number ratio based on the ‖cnJWL ver-
sus ‖chJWL plane, obtaining n(CN-w):n(CN-s) = 48:52 (±3),
which is significantly different from those of other normal
Galactic GCs with similar mass scales, ≈ 30:70. Our pre-
vious study of M5 provides a good example: we obtained
n(CN-w):n(CN-s) = 29:71 (±2) for this cluster, which has
almost the same total mass as M3. Perhaps, in the context of
the two-phase GC formation in external dwarf galaxies (e.g.,
see Bekki 2019), may this indicate that M3 experienced a
lesser degree of the CN-w (or the FG) destruction by tidal
field of its former host galaxy, whose environment may have
been very different from that of the Milky Way?
As an extension of the metal-rich RHB studies by oth-
ers (e.g., Norris & Freeman 1982; Smith & Penny 1989), we
showed that the cnJWL index can be used to study the RHB
stellar population of the intermediate metallicity GCs. We
derived the populational number ratio for the M3 RHB, find-
ing n(CN-w):n(CN-s) = 94:6 (±3), which is significantly dif-
ferent from that of the RGB but can be naturally explained in
the evolution of the metal-poor low-mass stars. The helium
normal CN-w M3 RGB stars evolve into the RHB or RRLs,
while the helium enhanced CN-s RGB stars evolve into the
BHBs or RRLs, which is also supported by the synthetic HB
model simulations of Tailo et al. (2019).
By comparing synthetic color indices calculated using
the LTE line analysis code MOOG, we derived photomet-
ric [C/Fe] and [N/Fe] abundances of RGB stars, obtaining
[C/Fe] = −0.30 and [N/Fe] = +0.30 for the less evolved CN-
w RGB stars, while [C/Fe] = −0.45 and [N/Fe] = +1.15 for
the less evolved CN-s RGB stars. Our carbon and nitrogen
abundances are in agreement with those of others from low
resolution spectroscopy.
Our results showed clear signs of the depletion of carbon
abundances of the bRGB stars by ∆[C/Fe] = 0.2 – 0.3 dex
in both populations. On the other hand, the nitrogen abun-
dance enhancement of the bRGB stars in our nhJWL CMD
is not obvious. Our cnJWL CMD may hint that the nitrogen
abundance enhancement in the bRGB could be as large as
∆[N/Fe] = 0.4 – 0.5 dex, resulting in [N/Fe] as large as 1.5
dex. But this high nitrogen abundance has not been reported
previously and a future spectroscopic study with an expanded
sample preferentially using the NH bands at λ3360 would be
very desirable.
Evidence from many studies, including our previous pa-
pers, have shown that the chemical evolution from the CN-w
population to the CN-s population is not continuous: for ex-
ample, the plot of the [C/Fe] versus [N/Fe] clearly shows two
separate relations. Total carbon and nitrogen abundances are
also significantly different: the [C+N/Fe] abundance of the
less evolved CN-s RGB stars is about 0.5 – 0.6 dex larger
than that of the less evolved CN-w RGB stars. For the less
evolved CN-s RGB stars, the [C/Fe] decreases as the [N/Fe]
increases, likely due to a natural consequence of the CN cy-
cle occurred in the previous generation. At the same time,
neither the carbon nor nitrogen abundances appear to be cor-
related with the calcium abundances.
The elemental abundance patterns in the CN-w population
are difficult to understand in the current framework of the
MPs in GCs. The dispersion in the heavy elemental abun-
dances, such as calcium and iron, of the M3 CN-w pop-
ulation could be as large as ∆[M/H] ≈ 0.15 dex and it is
much larger than that of the CN-s population, which cannot
be easily understood in the context of the sequential forma-
tion of the MPs in M3, since the later generation of stars,
i.e., the CN-s population in our study, would be expected to
have larger elemental dispersions. In the less evolved CN-w
RGB stars, [C/Fe] is positively correlated with [N/Fe]. Fur-
thermore, both [C/Fe] and [N/Fe] are tightly anticorrelated
with the calcium abundance. Recently, Bekki (2019) per-
formed numerical simulations of the GC formation in dwarf
disk galaxies, where the several irregular stellar clumps or fil-
aments formed and they eventually merged together to form
the FG system of a GC. He suggested that if their host galax-
ies have chemical abundance spreads in their disks, then the
FG system can have the internal metallicity spread, such as
can be seen in M3. But the C-N positive relation and anticor-
relations between Ca and C and N in the CN-w population
are still difficult to understand.
Not only the elemental abundance patterns but also the
structural and kinematical properties are different between
the two populations. We confirmed our previous result that
the CN-s population is more centrally concentrated than the
CN-w population is, indicating that M3 does not reach the
complete relaxation. From the elemental abundance patterns
and the CRDs, it is clear that the M3 RHB stars are mainly
composed of the CN-w population. Both the CN-w RGB
and the RHB stars appear to be slight over-dense in the ra-
dial zone of from r ≈ 200′′ to 300′′, which can be confirmed
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by the fluctuations in the running average of individual color
indices.
As already reported in M22, M5, and NGC 6752 (Lee
2015, 2017, 2018), M3 also appears to show a structure-
kinematics coupling, in the sense that the more fast rotat-
ing CN-w population has more elongated spatial distribution
than the CN-s population in M3. The ellipticity of the CN-w
distribution is significantly larger than that of the CN-s popu-
lation in the region beyond the half-light radius of the cluster.
Finally, we discussed the origin of the extended and titled
RGBB of the M3 CN-w population. A mild helium enhance-
ment by∆Y≈ 0.01 – 0.02 can be involved but the metallicity
spread of [Fe/H] ≈ 0.15 dex is the main reason for having
such an abnormal RGBB , which is consistent with high-
resolution infrared spectroscopy by Mészáros et al. (2015)
and the large hkJWL width of the CN-w RGB sequence of
our study. The metallicity spread in the CN-w population can
fully explain the abnormally large extent in theW 1GF275W −F814W
of M3 without invoking a helium enhancement.
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